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Pore size determination of hydrocarbon reservoirs is one of the main challenging areas in reservoir
studies. Precise estimation of this parameter leads to enhance the reservoir simulation, process
evaluation, and further forecasting of reservoir behavior. Hence, it is of great importance to esti-
mate the pore size of reservoir rocks with an appropriate accuracy. In the present study, a modiﬁed
J-function was developed and applied to determine the pore radius in one of the hydrocarbon
reservoir rocks located in the Middle East. The capillary pressure data vs. water saturation (PceSw)
as well as routine reservoir core analysis include porosity (4) and permeability (k) were used to
develop the J-function. First, the normalized porosity (4z), the rock quality index (RQI), and the ﬂow
zone indicator (FZI) concepts were used to categorize all data into discrete hydraulic ﬂow units
(HFU) containing unique pore geometry and bedding characteristics. Thereafter, the modiﬁed
J-function was used to normalize all capillary pressure curves corresponding to each of pre-
determined HFU. The results showed that the reservoir rock was classiﬁed into ﬁve separate rock
types with the deﬁnite HFU and reservoir pore geometry. Eventually, the pore radius for each of
these HFUs was determined using a developed equation obtained by normalized J-function cor-
responding to each HFU. The proposed equation is a function of reservoir rock characteristics
including 4z, FZI, lithology index (J
*), and pore size distribution index ( 3). This methodology used,
the reservoir under study was classiﬁed into ﬁve discrete HFU with unique equations for perme-
ability, normalized J-function and pore size. The proposed technique is able to apply on any
reservoir to determine the pore size of the reservoir rock, specially the one with high range of
heterogeneity in the reservoir rock properties.
Copyright © 2015, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Fluid ﬂow through porous media is one of the crucial topics
in hydrocarbon reservoir studies. This phenomenon is highly
affected by the pore geometry of the reservoir rocks. Reservoirneering, Faculty of Engi-
gina, SK S4S 0A2, Canada.
i).
troleum University.
ier on behalf of KeAi
niversity. Production and host
creativecommons.org/licenses/brocks have complex pore geometry which is mainly inspired by
and changed through geological and environmental events such
as compaction, cementation, fracturing and oxidation [1,2]. To
construct a robust model to simulate the ﬂuid ﬂow behavior in
the hydrocarbon reservoirs, it is essential to precisely determine
the pore size of the reservoir rocks. There are various methods
available in the literature to determine pore size and its distri-
bution [3e6]. Among all methods that have been proposed, the
capillary pressure curves are more common, accurate and
widely used simply; because these curves are directly related to
pore throat size and its distribution in reservoir rock [7e12].
The capillary phenomena occur in porous media once two or
more immiscible ﬂuids are present in pore spaces and can be
quantiﬁed by the capillary pressure which is deﬁned as the
difference in pressure between the non-wetting and wetting
phases:ing by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open
y-nc-nd/4.0/).
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Since oil and water are typically the two main ﬂuids in a
water-wet hydrocarbon reservoir, the above equation can be
written as:
Pcow ¼ Po  Pw (2)
Capillary pressure reﬂects the interaction of rock and ﬂuids
and is affected by the pore geometry, pore size distribution,
interfacial tension and wettability. As a consequence, the capil-
lary pressure is deﬁned as [13]:
Pc ¼ 2g cos qr (3)
where g is interfacial tension between oil and water, q is contact
angle and r is pore radius.
The analysis and interpretation of capillary pressure curves
reveals useful information about the reservoir rock properties.
However, due to the heterogeneity present in the reservoir rocks,
no single capillary pressure curve can be used as a representative
of entire reservoir [14]. Therefore, it is desired to normalize
capillary pressure curves into a single curve that could be
considered for a unique rock types. The capillary pressure curves
can be normalized into single curve using a Leverett dimen-
sionless J-function as follows [15]:
JðSwÞ ¼ Pc
g cos q
ﬃﬃﬃ
k
4
s
(4)
The square root of k over 4 is known as rock quality index
(RQI), which is used in rock type determination [16]. Therefore,
the Eq. (4) can be written as follows:
JðSwÞ ¼ Pc
g cos q
RQI (5)
As it is shown in Eq. (5), the normalized J-function can be
applied for a single rock type which has the uniform rock
properties [11]. Due to the dependency of capillary pressure to
the pore size radius of reservoir rock, using the J-function would
be a reasonable method to determine pore size for a rock with
uniform properties.2. Theory and concepts
The mean hydraulic unit radius (rmh) concept is the key to
determine the hydraulic units and allows a suitable relationship
between porosity, permeability, capillary pressure and geological
variation in the reservoir rock [16]. The mean hydraulic unit
radius can be deﬁned as the ratio of cross-sectional area to
wetted perimeter as follows:
rmh ¼ pr2=2pr ¼ r=2 (6)
By applying Darcy's and Poiseuille's Laws, a relationship be-
tween porosity and permeability can be derived as shown in Eq.
(7):
k ¼ r
24
8t2
(7)
where 4 and t are porosity and tortuosity, respectively.
The above simple equation shows that the relationship be-
tween porosity and permeability depends on geometrical char-
acteristics of the pore space such as pore size (radius) and poreshape. A tortuosity factor was introduced by Kozeny and Carmen
to account for the realistic granular porous medium [17,18]:
k ¼ r
24
8t2
¼ 4
2t2
r
2
2
¼ 4$r
2
mh
2t2
(8)
Expressing the mean hydraulic radius in terms of surface area
per unit grain volume (Sgv) and porosity results in:
rmh ¼
1
Sgv

4
1 4

(9)
Substituting the deﬁnition of rmh into the Kozeny and Carmen
relationship results in the following form:
k ¼ 4
3
ð1 4Þ2
"
1
Fst2S2gv
#
(10)
where the term Fst2 has been referred to as the Kozeny constant.
Dividing both sides of Eq. (10) by porosity and taking the
square root of both sides results in:
ﬃﬃﬃ
k
4
s
¼ 4ð1 4Þ
"
1ﬃﬃﬃﬃ
Fs
p
tSgv
#
(11)
Finally Eq. (11) can be written as follows [16]:
RQI ¼ 4z$FZI (12)
where 4z and FZI are known as normalized porosity and ﬂow
zone indicator respectively and deﬁned as:
4z ¼

4
1 4

(13)
FZI ¼ 1ﬃﬃﬃﬃ
Fs
p
tSgv
(14)
The value of FZI is given at the intercept of a unit-slope line
with the coordinate 4z ¼ 1, on a logelog plot of RQI versus 4z.
Each FZI can be attributed to a single hydraulic ﬂow unit (HFU).
The hydraulic ﬂow unit is a part of hydrocarbon reservoir that is
uniform in horizontal and vertical directions and has similar
static and dynamic characteristics. Perhaps each HFU has the
consistent pore geometry i.e. pore size and its distribution, along
the reservoir rock. As it is mentioned, a unique J-function is able
to normalize capillary pressure curves into a single curve for a
deﬁnite hydraulic ﬂow unit. Hence, substituting Eq. (12) into Eq.
(5) results in:
JðSwÞ ¼ Pc
g cos q
4z$FZI (15)
Rearranging Eq. (3) gives:
Pc
g cos q
¼ 2
r
(16)
By substituting Eq. (16) into Eq. (15), one can derive:
JðSwÞ ¼ 2r 4z$FZI (17)
For a single hydraulic ﬂow unit with unique FZI value, the J-
function can be written as follows [19]:
JðSwÞ ¼ J*Swn
1
ε (18)
Table 1
Rock properties of 31 core samples.
Sample no. 4 k (md) Swir
1 0.062 0.093 0.221
2 0.083 68.154 0.025
3 0.066 0.161 0.234
4 0.110 230.121 0.026
5 0.037 0.682 0.105
6 0.077 0.160 0.175
7 0.088 0.004 0.370
8 0.141 1.247 0.214
10 0.299 3.212 0.200
11 0.250 1.501 0.313
13 0.042 1.359 0.061
14 0.071 4.212 0.130
15 0.163 0.548 0.334
16 0.142 0.158 0.189
17 0.116 0.504 0.238
18 0.104 0.010 0.394
19 0.093 0.064 0.301
21 0.117 183.061 0.026
22 0.155 797.538 0.015
23 0.246 2419.099 0.035
24 0.195 1180.743 0.028
26 0.103 19.684 0.132
28 0.154 40.599 0.082
29 0.105 0.007 0.424
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Swn ¼ Sw  Swir1 Swir
(19)
J* and 3are lithology index and pore size distribution index
respectively.
Substituting Eq. (18) in Eq. (17) and rearranging gives:
r ¼ 24z$FZI
J*Swn
1
ε
(20)
Eq. (18) also can be written in the following form:
r ¼ z$Swn
1
ε (21)
where z is pore geometry coefﬁcient which is unique for each
hydraulic ﬂow unit. z is deﬁned as:
z ¼ 24z$FZI
J*
(22)
Eq. (21) can be applied to each hydraulic ﬂow unit to estimate
pore size radius as a function of normalized water saturation.30 0.133 0.014 0.439
31 0.238 0.119 0.4103. Properties of rock samples
In this study, the rock properties include porosity (4), liquid
permeability (k), irreducible water saturation (Swir) and capillary
pressure (Pc) data vs. water saturation (Sw) obtained from the
routine and special core analyses for one of the Middle East
reservoirs were used to apply and examine the proposed tech-
nique. The 321 routine core data and 31 complete data sets of
capillary pressure vs. water saturation were analyzed. The
capillary pressure curves were obtained by mercury injection
method. Fig. 1 shows the variation of permeability and porosity
of all reservoir core data. As it is shown in this ﬁgure, there is a
high heterogeneity in the reservoir rock properties. The statis-
tical data of 31 core samples with complete data set is given in
Table 1. Fig. 2 depicts the measured capillary pressure curves vs.
water saturation. This ﬁgure reveals that there is more than one
hydraulic ﬂow unit in the reservoir. Therefore, the J-function is
unable to normalize all the capillary data into a single curve andFig. 1. Permeability vs. porosity for reservoir data.it is required to classify the data into separate hydraulic ﬂow
units having similar capillary pressure curves.4. Results and discussion
To obtain the optimum number of hydraulic ﬂow units, the
RQI vs. 4z is plotted. As illustrated in Fig. 3, all data which lie
along the straight line correlations with unit slope have the same
FZI value. According to this ﬁgure, the sample data fall into ﬁve
discrete rock types conﬁrming that ﬁve hydraulic ﬂow units
exist. The values of FZI are 276.61, 73.24, 14.93, 5.81 and 1.83 for
HFU#1, HFU#2, HFU#3, HFU#4 and HFU#5 respectively. Each of
these ﬂow units has the uniform rock characteristics and
consistent potential for ﬂuid ﬂow through the porous media. It
should be noted that the hydraulic ﬂow unit with higher FZIFig. 2. Capillary pressure curves of 31 reservoir rock samples.
Fig. 3. Reservoir quality index vs. normalized porosity.
Fig. 5. Five capillary pressure data set for obtained hydraulic ﬂow units.
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pore spaces in the reservoir rock.
Fig. 4 depicts the permeability versus porosity as classiﬁed by
FZI values. This ﬁgure conﬁrms that the data are well classiﬁed
and there is a satisfactory relation between porosity and
permeability for each hydraulic ﬂow unit that is obtained
through FZI curves.
According to the obtained hydraulic ﬂow units, the available
capillary pressure curves can be divided into ﬁve categories.
Fig. 5 shows the ﬁve capillary pressure data sets for ﬁve hydraulic
ﬂow units. Each of these capillary pressure sets can be normal-
ized into a single curve that assigned to a uniform ﬂow unit.
The J-function was used to normalize capillary pressure
curves for each hydraulic ﬂow unit. Values of J-function vs.
normalized water saturation are plotted in Fig. 6. Values of li-
thology index (J*) and pore size distribution index ( 3) for each
unit are calculated by ﬁtting Eq. (16) on the normalized values of
capillary pressure.Fig. 4. Permeability versus porosity as classiﬁed by FZI.
Fig. 6. Values of J-function vs. normalized water saturation for each hydraulic ﬂow
unit.
Fig. 7. Pore size radius vs. normalized water saturation for each hydraulic ﬂow unit.
Table 2
Rock characteristics and equations obtained for each hydraulic ﬂow unit.
FZI J* 3 z Permeability eq. Normalized J-function eq. Pore size radius eq.
HFU#1 276.61 0.0333 1.2063 6614.7 k ¼ 12.626e20.2534 J (Sw) ¼ 0.0333Swn0.829 R ¼ 6614.7Swn0.829
HFU#2 73.24 0.0411 1.0142 2146.6 k ¼ 1.0271e19.7474 J (Sw) ¼ 0.0411Swn0.986 R ¼ 2146.6Swn0.986
HFU#3 14.93 0.0501 1.0299 404.55 k ¼ 0.0776e16.4694 J (Sw) ¼ 0.0501Swn0.971 R ¼ 404.55Swn0.971
HFU#4 5.81 0.0931 1.0466 68.548 k ¼ 0.0042e23.1694 J (Sw) ¼ 0.0931Swn0.956 R ¼ 68.548Swn0.956
HFU#5 1.83 0.1861 1.1561 17.345 k ¼ 0.0034e12.4134 J (Sw) ¼ 0.1861Swn0.865 R ¼ 17.345Swn0.865
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pore size radius for each hydraulic ﬂow unit was calculated. Fig. 7
depicts the pore size radius vs. normalized water saturation for
ﬁve ﬂow units of reservoir rock. The ﬁtted relations between the
pore radius and normalized water saturation for each unit are
also shown in this ﬁgure. As it can be observed from this ﬁgure,
the hydraulic ﬂow unit with higher pore size radius corresponds
to the ﬂow unit that has higher values of permeability and FZI.
This observation conﬁrms that the hydraulic ﬂow unit with
higher values of FZI and pore size radius has the higher rock
permeability; which means such a ﬂow unit has a better quality
to ﬂow ﬂuids through pore spaces of reservoir rock. Table 2
summarized all information include rock characteristics, lithol-
ogy index, pore size distribution index, pore geometry constant,
J-function and pore size radius equations observed for each hy-
draulic ﬂow unit. The larger value of pore size distribution index
shows the narrower distributions. As it is presented in the table,
the pore geometry constant of hydraulic ﬂow units having larger
FZI is higher than that of those with lower values of FZI. Basically,
the pore geometry is the conﬁguration of the pore spaces within
a rock or between the grains of a rock. The grain sorting and the
pore framework dictate the pore geometry in a rock. If there are
ﬁner grains, signiﬁcant compaction, and differences in grains or
framework, it will affect the pore geometry of the rock. Higher
pore geometry constant is an indication of the presence of coarse
grains, large pore throats, andwidespread pore framework in the
rock which corresponds to the proper rock quality in term of
ﬂuid ﬂow (i.e., higher FZI value).
5. Conclusions
In this study the pore size of a hydrocarbon reservoir rock was
determined by a new proposed technique. The ﬂow zone indica-
tor (FZI) approach was used to classify the reservoir rock into
separate zones that have similar rock characteristics; which are
known as hydraulic ﬂow units (HFU). The measured capillary
pressure curves are sub-grouped intoﬁve categories based on the
determined hydraulic ﬂow units. Then J-function was employed
to normalize all capillary curves that assigned to these ﬂow units.
Finally, by performing some mathematics, the new equationwas
developed to estimate pore size radius for each ﬂow unit. The
developed equation is a function of FZI, lithology index (J*), pore
size distribution index ( 3) normalized water saturation (Swn) and
normalized porosity (4z). The results of this study indicated that
the proposedmethod to determine the pore size is dependent on
the several rock properties and is not restricted to the speciﬁc
reservoirs; it is able to be applied on any reservoir rocks with
diverse range and high heterogeneity in rock properties.
NomenclaturesSymbols
k permeability (md)
J J-functionJ* lithology index
Pc capillary pressure (psia)
Pnw non-wetting phase pressure (psia)
Pw wetting phase pressure (psia)
Pcow capillary pressure of oil and water system (psia)
Po oil pressure (psia)
Pw water pressure (psia)
r pore radius (nm)
rmh mean hydraulic unit radius (nm)
Sw water saturation
Swn normalized water saturation
Swir irreducible water saturationGreeks
g interfacial tension (dyne/cm)
4 porosity
4z normalized porosity
q contact angle
3 pore size distribution index
z pore geometry coefﬁcient
t tortuosityAbbreviations
RQI rock quality index
FZI ﬂow zone indicator
HFU hydraulic ﬂow unitReferences
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